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Introduction Background
Fuel cells generate electricity through an electrochemical process that combines hydrogen and oxygen to generate direct current (DC) electricity. Fuel cells are an environmentally clean, quiet, and a highly efficient method for generating electricity and heat from natural gas and other fuels. Air emissions from fuel cells are so low that several Air Quality Management Districts in the United States have exempted fuel cells from requiring operating permits. Today's natural gasfueled fuel cell power plants operate at electrical conversion efficiencies of 40 to 50 percent; these efficiencies are predicted to climb to 50 to 60 percent in the near future. In fact, if the heat from the fuel cell process is used in a cogeneration system, efficiencies can exceed 85 percent. By comparison, current conventional coal-based technologies operate at efficiencies of 33 to 35 percent.
Phosphoric Acid Fuel Cells (PAFCs) are in the initial stages of commercialization. While PAFCs are not now economically competitive with other more conventional energy production technologies, current cost projections predict that PAFC systems will become economically competitive within the next few years as market demand increases.
Fuel cell technology has been found suitable for a growing number of applications. The National Aeronautics and Space Administration (NASA) has used fuel cells for many years as the primary power source for space missions and currently uses fuel cells in the Space Shuttle program. Private corporations have recently been working on various approaches for developing fuel cells for stationary applications in the utility, industrial, and commercial markets. Researchers at the U.S. Army Engineer Research and Development Center (ERDC), Construction Engineering Research Laboratory (CERL) have actively participated in the development and application of advanced fuel cell technology since fiscal year 1993 (FY93). CERL has successfully executed several research and demonstration work units with a total funding of approximately $55M.
As of November 1997, 30 commercially available fuel cell power plants and their thermal interfaces have been installed at DoD installations by CERL. As a consequence, the Department of Defense (DoD) is the owner of the largest fleet of ERDC/CERLTR-01-23 fuel cells worldwide. CERL researchers have developed a methodology for selecting and evaluating application sites, have supervised the design and installation of fuel cells, and have actively monitored the operation and maintenance of fuel cells, and compiled "lessons learned" for feedback to manufacturers. This accumulated expertise and experience has enabled CERL to lead the advancement of fuel cell technology through major thrusts such as the DoD Fuel Cell Demonstration, the Climate Change Fuel Cell Program, research and development efforts aimed at fuel cell product improvement and cost reduction, and conferences and symposiums dedicated to the advancement of fuel cell technology and commercialization.
This report presents an overview of the information collected at Davis-Monthan Air Force Base (AFB) along with a conceptual fuel cell installation layout and description of potential benefits the technology can provide at that location. Similar summaries of the site evaluation surveys for the remaining 28 sites where CERL has managed and continues to monitor fuel cell installation and operation are available in the companion volumes to this report (Table 1) .
Objective
The objective of this work was to evaluate Davis-Monthan Air Force Base as a potential location for a fuel cell application. 2. Additionally, a copy of the site evaluation form filled out at the Site is provided as an addendum to this report.
3. Date was collected from energy bills, site drawings, and by interviewing appropriate site personnel. Two building applications were investigated for a 200 kW phosphoric acid fuel cell. The gymnasium building has thermal loads for the showers, laundry and sauna facilities. There is one boiler for domestic hot water which is tied to a 1,500-gal storage tank. A second boiler provides hot water for space heating. The dining hall facility has two steam boilers that supply hot water to the kitchen. Steam is generated at 240 °F. At this temperature, even with a high grade heat exchanger, the fuel cell cannot provide heat to the steam generator. Therefore, the only viable thermal loads for the fuel cell at the dining hall are to heat the cold water for the domestic hot water and to heat the condensate return. The gym is the primary focus of this report although the dining hall facility is briefly discussed also in the Fuel Cell Interfaces section.
Site Layout
The dining hall at Davis-Monthan AFB is designated as Building 4100 and the gymnasium as Building 2505. Figure 1 shows the site layout for the gym. The mechanical room is located in the southeast corner of the building. The chiller is located north of the aerobics room. The main gas line is located just outside the mechanical room. There is a 480 V transformer located in the chiller area. The building electrical transformer is located east of the mechanical room.
Electrical System
The Base distributes electric power at 13,800 V. The gym has a 208/13,800 V transformer located outside the mechanical room. There is currently also a small (<150 kVA) 480/13,800 V transformer located near the building chiller.
Steam and Hot Water Systems
In the gym mechanical room is a 1.99 MBtu (million Btu) per hour Teledyne Laars natural gas driven boiler. The boiler supplies a 1,500-gal storage tank located inside the mechanical room which is used for domestic hot water (DHW).
The storage tank provides hot water for showers and a washing machine. Figure  2 shows a layout of the mechanical room.
Space Heating System
There is a second boiler (same as hot water boiler) that provides space heating to the gym building. The two air handlers in the building are rated at 287,715 Btu/hour and 56,600 Btu/hour. Space heating is required between November and January
Space Cooling System
There is 60 ton Dunham-Bush screw compressor chiller at the gym. It is tied to the two air handler units in the building which have coils rated at 466,800 Btu/hour and 173,890 Btu/hour. The chillers operate February through October. 
Fuel Cell Description

Fuel Cell Location
The fuel cell should be sited just outside the mechanical room across the driveway (Figure 3) . A chain link fence or other type of barrier is required by Base personnel for security. The fuel cell should be oriented in a north-south direction with the thermal outlet facing towards the building. The cooling module can be positioned in an east-west direction on the north side of the fuel cell and the nitrogen tanks can be positioned in the north-east corner of the fenced in area. A new 480/13,800 V, 300 kVA transformer is required and can be located next to the building's existing transformer. A new absorption chiller which is proposed to serve as the interface for the fuel cell high grade heat exchanger option can be positioned in the north-west corner of the fenced in area.
The thermal piping from the fuel cell will be approximately 35 ft into the mechanical room and about 35 ft over to the absorption chiller. Natural gas should be tied into the main gas line (-40 ft). The make-up water can be taken from inside the building (30 ft). The electrical run will be approximately 25 ft over to the new transformer. The cooling module piping run is about 15 ft. The nitrogen piping run will be approximately 30 ft.
Fuel Cell Interfaces
The fuel cell electrical output will be fed into the Base electric grid. A new pad mounted 480/13,800 V, 300 kVA transformer will be required. The fuel cell will operate solely in the grid connected mode.
The fuel cell thermal output will be used to heat DHW for the gymnasium (primarily used for showers) and to provide heat to an absorption chiller. The fuel cell low grade heat exchanger will be used to heat the DHW and the high grade heat exchanger will be used to provide heat to the absorption chiller (Figure 4) . The DHW load for the showers was estimated based on an average of 400 showers per day. This was estimated from discussions with Base personnel and observing the usage. ASHRAE estimates of 20 gal per shower at 110 °F were used. On this basis, assuming an inlet water temperature of 70 °F, the average daily DHW load is 111 kBtu/hr. The hot water storage requirements were determined from an estimated daily DHW profile for a peak day. Base personnel estimated the peak day shower usage was 800 showers per day. Hours of gym use are from 6 A.M. to 11 P.M.. It was estimated that there are three peak periods during the day ~ 6:30-8:00 A.M., -11:00 A.M.-12:30 P.M., and ~ 4:00-5:30 P.M. and that the usage during the peak periods was 5 times that during the rest of the day (worst case). From these assumptions, the profile shown in Figure 5 was developed.
The heat required to raise the temperature of the 1,500-gal storage tank from 70 °F to 140 °F is 877 kBtu.
877 kBtu = 1,500 gal * 8.35 lb/gal, * (140 °F -70 °F)\001 kBtu/lb -°F Assuming the storage tank is fully charged at 6:30 A.M., the following peak day scenario would occur.
The first peak period requires 1,142 kBtu (761 kBtu/hr * 1.5 hr). Assuming a heat recovery rate of 320 kBtu/hr from the fuel cell low grade heat exchanger, the fuel cell will provide 480 kBtu (320 kBtu/hr * 1.5 hr) during this period. Thus, the storage tank will provide 662 kBtu (1,142 kBtu -480 kBtu) during this period. At the end of the first peak period, the storage tank will contain 215 kBtu (877 kBtu -662 kBtu).
Three hours later the second peak occurs. During this period the storage tank is charged by the fuel cell at the rate of 166 kBtu/hr (320 kBtu/hr -154 kBtu/hr). Just prior to the second peak period the storage will be charged with 713 kBtu (215 kBtu + 166 kBtu/hr * 3 hr). During the second peak period the fuel cell will supply 480 kBtu (320 kBtu/hr * 1.5 hr) and the storage tank will supply 662
ERDC/CERLTR-01-23
kBtu (1,142 kBtu -480 kBtu). After the second peak period the storage tank will contain 51 kBtu (713 kBtu -662 kBtu).
Three and one half hours later the third peak occurs. During this period the storage tank is charged with 581 kBtu = (166 kBtu/hr * 3.5 hrs). Just prior to the peak the storage tank will contain 632 kBtu = (51 kBtu + 581 kBtu). During the third peak period the fuel cell will supply 480 kBtu/hr and 662 kBtu is required from storage. On the worst case day the storage tank is only insufficient by 30 kBtu = (632 kBtu -662 kBtu). Therefore, the existing 1,500-gal storage tank is adequate for the fuel cell to meet ~ 100% of the DHW requirement on the peak day.
The pump in the low grade heat loop should run whenever the fuel cell operates and the 1,500-gal storage tank temperature is below 140 °F.
The high grade heat exchanger will supply hot water to drive an absorption chiller. The high grade heat exchanger can supply ~380 kBtu/hr at 250 °F, which is a good match for a low temperature absorption chiller, such as a Yazaki. The fuel cell can supply enough heat to drive ~ 20 ton absorption chiller.
There are two options for interfacing the absorption chiller. One is to interface with air handler 2 (AH2) in the adjacent mechanical room. The other is to put the absorption chiller in series with the existing 60 ton chiller to "pre-chill" the return water. The advantage of interfacing with AH2 is a short piping run (~50' vs. 115'). The draw back is that the cooling coil in AH2 is rated at 173,890 Btu or 14.5 tons. Thus, not all of the 20 ton absorption capacity would be effectively used.
Pre-chilling the return water to the 60 ton chiller would allow the full capacity of the absorption unit to be used, but would require piping runs of ~ 115 ft. Prechilling the return water from both air handlers would ensure that the absorption chiller would be used whenever the building requires any cooling. This is the recommended interface.
The high grade heat flow rate and control strategy will depend on the specific requirements for the absorption chiller. The Yazaki chiller design hot side temperatures are 190 °F inlet and 181 °F outlet, at a design flow of 75.7 gpm. At these conditions, the fuel cell supply temperature would be ~191 °F. This is sufficient for the Yazaki, but will create a pressure drop of ~18 psi across the fuel cell high grade heat exchanger. However, with a by pass, 30 gpm could flow through the fuel cell (at a pressure drop of ~3 psi) and 45.7 gpm could by pass and mix the inlet temperature back down to 191 °F as shown in Figure 5 .
Based on historic weather data, it was estimated that the absorption chiller would provide 20 tons of cooling for 3,500 hours per year, or 70,000 ton-hrs. Using an estimated C.O.P. of 4.0 for the existing screw chiller, the absorption chiller would displace 61,529 kWh/yr.
61,529 kWh = (70,000 ton-hrs * 12,000 Btu/ton-hr) / (3,413 Btu/kWh * 4.0)
The dining hall was also examined as a potential fuel cell site. The only 480V service at the dining hall was for the chiller. This service was fed by a 125 kVA transformer. Thus a larger, 300 kVA, transformer would be required.
The thermal load at the dining hall was to heat the condensate return with the high grade heat exchanger and the DHW with the low grade heat exchanger. Previous Base studies show that the steam load (which heats the DHW and is used for cooking) was 350 -500 kBtu/hr. However, the steam temperature is ~ 240 °F which precludes using fuel cell heat to produce steam. Therefore, the fuel cell can only heat the condensate return and the cold water for the DHW. Heating the condensate return from 114° to 250° only required ~ 42 kBtu/hr. The DHW load was estimated using an ASHRAE value for dining halls of 2.4 gal/meal at 87 kBtu/hr. Heating the cold water for the DHW directly would reduce the steam load and the total fuel cell load was estimated to be less that 100 kBtu/hr making the gymnasium a better fuel cell site. The Engineering building was also examined as a potential site. Again, the high grade heat application could be an absorption chiller. No significant low grade heat thermal load was found to exist.
Economic Analysis
Davis-Monthan AFB purchases electricity from Tucson Electric under rate schedule 14. Rate 14 has a demand and energy charge. There is a ratchet on the demand charge equal to two-thirds of the maximum demand in the previous 11 months. Over the past 3 years, the ratchet has been applied in an average of 5 months per year. Table 2 lists the electricity costs for the Jul-95 to Jun-96 time period. The Site paid an average of $0.0723/kWh for this time period. Rate 14 has the following components:
• Demand Charge:
• Energy Charge (May-Oct):
• Energy Charge (Nov-Apr):
• Applicable Taxes:
$10.28/kW $0.047457/kWh $0.045080/kWh -5.14%
Natural gas is purchased on the spot market and transported by Southwest Gas. Table 3 lists natural gas consumption and costs for Davis-Monthan AFB for the Jul-95 to Jun-96 time period. The average rate paid by the Site was $2.56/MBtu for this period; however, there was a significant drop in prices around December which contributed to this low average. Electric savings from the fuel cell were calculated based on the fuel cell operating 90 percent of the year (1,576,800 kWh). Demand savings were calculated assuming that the energy bill for the Site would be reduced for the full 200 kW of the fuel cell in 7 months of the year. For the 5 ratchet months, the fuel cell would be able to take a credit of two-thirds of the 200 kW, since the Site peak would be reduced by 200 kW. The full demand savings and 90% capacity factor savings were estimated as follows:
Because of the wide fluctuations in natural gas rates in the past year, an average historical rate would not be applicable to estimating fuel cell thermal savings. Based on negotiations with Southwest Gas, Base personnel estimated that $3.00/MBtu is a reasonable prediction of their natural gas rate in FY97. At $3.00/MBtu, the fuel cell will displace $3,324 in a year.
$3,324 = 1,108 MBtu/yr * $3.00/MBtu
The fuel cell will consume 14,949 MBtu per year based on an electrical efficiency of 36% HHV (higher heating value). Input natural gas cost for the fuel cell would be $44,847 at $3.00/MBtu.
Total net savings for the fuel cell are summarized below and in The net savings for just the DHW thermal case would be $57,520. For just the absorption chiller case, the net savings would be $58,702.
The analysis is a general overview of the potential savings from the fuel cell. For the first 3-5 years, ONSI will be responsible for the fuel cell maintenance. Maintenance costs are not reflected in this analysis, but could represent a significant impact on net energy savings. Since detailed load energy profiles were not available, net energy savings could vary depending on actual thermal and electrical utilization. 
Conclusions and Recommendations
This study concludes that the gymnasium at Davis-Monthan AFB represents a good application for a 200 kW phosphoric acid fuel cell. This would be a unique application in that an absorption chiller would be interfaced to the fuel cell high grade heat exchanger. The chilled water from a 20 to 30 ton absorption chiller should be tied into the main return line of the existing Dunham-Bush 60 ton screw compressor. In this way, the entire output of the absorption chiller would be used prior to the work that would be performed by the existing chiller. The piping run would be -115 ft, unless a closer main return tie in can be found. Using the absorption chiller requires the high grade heat exchanger option.
The fuel cell should be located in the open dirt area across the short driveway just outside the gym mechanical room. A new 480/13,800 V, 300 kVA transformer will need to be installed near the existing 208 V transformer. The DHW thermal interface is a relatively short piping run into the mechanical room. A fence should be placed around the fuel cell, however, the Site may choose to install a wall at its own expense.
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources gathering and maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Department of Defense. 
ABSTRACT ~~~~~
Fuel cells are an environmentally clean, quiet, and a highly efficient method for generating electricity and heat from natural gas and other fuels. Researchers at the U.S. Army Engineer Research and Development Center (ERDC), Construction Engineering Research Laboratory (CERL) have actively participated in the development and application of advanced fuel cell technology since fiscal year 1993 (FY93). CERL selected and evaluated application sites, supervised the design and installation of fuel cells, actively monitored the operation and maintenance of fuel cells, and compiled "lessons learned" for feedback to manufacturers for 29 of 30 commercially available fuel cell power plants and their thermal interfaces installed at Department of Defense (DoD) locations.
This report presents an overview of the information collected at Davis-Monthan Air Force Base, AZ, along with a conceptual fuel cell installation layout and description of potential benefits the technology can provide at that location. Similar summaries of the site evaluation surveys for the remaining 28 sites where CERL has managed and continues to monitor fuel cell installation and operation are available in the companion volumes to this report. 
